Wilms' tumors and kidney development
Wilms' tumors, or nephroblastomas, are pediatric cancers that develop in young children, usually before the age of 5 years. Despite being relatively rare in absolute numbers (they affect one in 10,000 children), they are extensively studied for a variety of reasons. First, although treatment outcome has improved over recent decades, there remains a strong clinical need to improve therapies to both minimize secondary effects later in life due to current treatments and find more effective therapies for high-risk histological subtypes and relapsed patients (Perotti et al. 2013) . Second, it was one of the three types of cancer on which Knudson (Knudson and Strong 1972) based his twohit model for tumor suppressor genes, and the loss of Wilms' tumor 1 (WT1) in a subset of Wilms' tumor cases remains an archetypal example of a classic tumor suppressor gene, as originally proposed. Since then, many variations in classifications and the genetics and mechanics of tumor suppressor genes have been found , and the biological basis of the multiple tumors that arise in genetically predisposed individuals may clearly involve genes other than WT1. Third, Wilms' tumors are the direct result of maldevelopment of the embryonic kidney, an important experimental model that has been studied for over six decades and has led to many fundamental insights that were afterward applied to other systems. As such, Wilms' tumors are a model to study the link between normal development and tumorigenesis. Understanding normal kidney development will help our understanding and treatment of Wilms' tumors, and understanding Wilms' tumors genetically and mechanistically will help the understanding of normal kidney development. In this review, we focus on this last aspect and provide an update on the many recent developments in the Wilms' tumor field.
Wilms' tumors recapitulate normal nephrogenic differentiation, but whereas normal developing nephrons are beautifully structured, nephrogenic structures in Wilms' tumors are disorganized (Fig. 1) . The metanephric kidney develops from the intermediate mesoderm (IM) . This structure gives rise to three cell types and structures that will form the kidney: the epithelial nephric or Wolffian duct, Six2-positive mesenchymal cells that will form the nephrons, and Foxd1-positive cells that will give rise to the stromal cells (Costantini and Kopan 2010; Li et al. 2014b) . Kidney development starts when an epithelial outgrowth of the Wolffian duct forms and invades the IM (Fig. 2 ). This invasion process will set off bidirectional communication between the epithelial cells, by now called the ureteric bud, and the mesenchymal cells, now called the metanephric mesenchyme. This leads to the first bifurcation of the ureteric bud and the condensation of the mesenchymal cells to form the cap mesenchyme around the tips of the ureteric bud. The cells that form the cap mesenchyme are marked by Six2 and are the nephron progenitor cells. Lineage tracing has shown that Ó 2015 Hohenstein et al. This article is distributed exclusively by Cold Spring Harbor Laboratory Press for the first six months after the full-issue publication date (see http://genesdev.cshlp.org/site/misc/terms.xhtml). After six months, it is available under a Creative Commons License (Attribution-NonCommercial 4.0 International), as described at http:// creativecommons.org/licenses/by-nc/4.0/. the complete nephron is derived from these cells (Kobayashi et al. 2008) , and loss of Six2 leads to a rapid exhaustion of these progenitors and ectopic epithelization (Self et al. 2006) . Responding to signals from the bud and stroma, these progenitor cells will form a pretubular aggregate and undergo a mesenchymal-to-epithelial transition (MET) to form the renal vesicle. This structure will fuse with its distal end to the ureteric bud to form a continuous open connection to the ureteric bud. Via the commashaped and S-shaped body stages, it will form the tubule that, as differentiation progresses, gets patterned into the proximal tubule, loop of Henle, and distal tubule that make up the nephron. Each of these parts will express specific transporters to allow the proper function of the nephron. Moreover, from early in the patterning process, podocyte precursors can be found at the most proximal end of the nephron. Together with invading endothelial and mesangial cells and the cells that make up Bowman's capsule, they will eventually form the glomerulus, in which the mature podocytes perform the actual filtering functions of the nephron (Schell et al. 2014) . As this nephrogenic program is executed, the ureteric bud will keep on growing and branching. Each time new bud tips are formed, the induction process is repeated, and new nephrons start to form, connect to the bud, and pattern to form a functional nephron. In the final, mature nephron, the blood will enter through the capillaries and is filtered by the podocytes, and valuable electrolytes, water, sugars, and other molecules are transported back into the blood. The remainder is drained into the ureteric bud, which by then has formed the collecting duct system, and goes to the bladder for disposal. In humans, metanephric kidney development starts around week 5 of gestation and continues until week 36, whereas in mice, the ureteric bud invades the metanephric mesenchyme at embryonic day 10.5 (E10.5), and initiation of new neph- rons continues until day 3 after birth. The repetitive nature of branching and nephron induction will yield ;13,000 nephrons in a mouse kidney and 1 million in a human kidney, and the centrifugal branching pattern will also lead to a tissue architecture with older nephrons on the inside and younger nephrons on the outside of the renal cortex.
From early on, it has been clear that Wilms' tumor development is tightly linked to this developmental process. Wilms' tumors are found associated with so-called nephrogenic rests, of which there are two types. Intralobar nephrogenic rests (ILNRs) are located toward the renal medulla and are thought to arise early in renal development, whereas perilobar nephrogenic rests (PLNRs) are located toward the periphery of the kidney, the region that retains nephrogenic activity until late in gestation. These nephrogenic rests are histologically recognizable structures that resemble embryonic developmental stages normally not found in the postnatal kidney (Beckwith et al. 1990) , suggesting that a block in the nephrogenic process is an early, maybe even initiating, step in the formation of Wilms' tumors. This was further emphasized by genomewide expression analysis of Wilms' tumor xenografts (Dekel et al. 2006) and recently in more detail by the study of Gadd et al. (2012) , which described an expression analysis of a larger set of Wilms' tumors that not only identified five subsets of tumors based on expression patterns but could also couple this to different stages at which nephron development was blocked. It is therefore not surprising that many genes found mutated in Wilms' tumors have essential roles in nephron development.
Wilms' tumor genetics
Overall, there are very few genes commonly mutated in Wilms' tumor, and all show relatively low mutation frequencies. The discovery of many Wilms' tumor-associated genes began with studying constitutional syndromes that confer predisposition. For many years, Wilms' tumors have been recognized as occurring at a highly elevated rate in patients with WAGR (Wilms' tumor, aniridia, genitourinary anomalies, and mental retardation) syndrome, BeckwithWiedemann syndrome (BWS), hemihypertrophy, DenysDrash, and Perlman syndrome. However, these were not associated with genomic aberration until much later, when methods for detecting chromosomal aberrations improved. Constitutional chr11p13 deletions were initially found in patients with Aniridia-associated Wilms' tumor (Francke et al. 1979 ) and then later identified in sporadic nonsyndrome-associated cases (Kaneko et al. 1981; Slater and de Kraker 1982) . In 1990, the candidate gene at 11p13, WT1, was finally characterized (Call et al. 1990; Gessler et al. 1990 ) and shown to be a zinc finger DNA-binding transcription factor involved in genitourinary development (Pritchard-Jones et al. 1990 ). Germline mutations in WT1 are associated with WAGR (Grundy et al. 1995) and DenysDrash (Pelletier et al. 1991) syndromes and are more often seen in tumors with a stromal subtype (Schumacher et al. 1997) . A somatic inactivating mutation or deletion of WT1 is found in ;12% of Wilms' tumors and is considered an ''early'' event, as mutations are also seen in associated ILNRs (Park et al. 1993; Fukuzawa et al. 2007) .
The next Wilms' tumor gene identified, also with a role in renal development, was CTNNB1, which is mutated somatically in 15% of tumors, often alongside a WT1 mutation (Koesters et al. 1999; Maiti et al. 2000) . CTNNB1 encodes b-catenin, a key protein involved in the Wnt signaling pathway, which is critical for epithelialization after MET (Koesters et al. 1999) . In Wilms' tumor, the CTNNB1 mutation commonly occurs at a specific activating residue (Ser45) (Kusafuka et al. 2002) , causing nuclear accumulation of b-catenin (Koesters et al. 2003) . CTNNB1 mutations have been defined as a ''late'' event in Wilms' tumorigenesis, as they have been observed in Wilms' tumors but not nephrogenic rests (Fukuzawa et al. 2007; Grill et al. 2011) . Other potential mechanisms for increased Wnt signaling in Wilms' tumor have been identified, including overexpression of human Dickkopf-1, a Wnt signaling antagonist (Wirths et al. 2003) , as well as loss of WT1, which negatively regulates Wnt signaling via transcriptional activation of WID (WT1-induced inhibitor of Dishevelled) (Kim et al. 2010) .
WTX (Wilms' tumor on chromosome X, also known as AMER1) further links both the WT1 and CTNNB1 genes together, as the protein negatively regulates Wnt signaling (Major et al. 2007 ) and has been associated with WT1 transcriptional control (Rivera et al. 2009 ). WTX is inactivated by mutation or deletion in ;18% of tumors (Rivera et al. 2007; Ruteshouser et al. 2008 ) and has been described as a tumor suppressor gene. WTX mutations have been observed in both tumor and nephrogenic rest tissue; however, its role in tumor initiation has been disputed as an initiating event due to the heterogeneity of the mutation within a tumor Fukuzawa et al. 2010) , the fact that germline WTX mutations do not predispose to Wilms' tumor (Jenkins et al. 2009) , and a lack of linkage between polymorphic SNPs at WTX and Wilms' tumor compared with controls (Guertl et al. 2010) . Some reports couple WTX function to the genes directly involved in the control of nephron progenitors (which is discussed in more detail below). It was shown to modulate Wt1 activity (Rivera et al. 2009 ) and negatively regulates b-catenin being part of the degradation complex (Major et al. 2007) . Wtx knockout mice are perinatal lethal with phenotypes in multiple tissues of mesodermal origin (Moisan et al. 2011) , consistent with the germline mutations found in sclerosing skeletal dysplasia (Jenkins et al. 2009 ). The kidney phenotype in these mice is confusing, being either agenesis or overgrowth, often in the same animal. These data therefore cannot confirm a causative role in Wilms' tumor development, although multiple roles and phenotypes during kidney development-reminiscent of the multiple Wt1 phenotypes-remains a possibility. Additional conditional analyses are required to shed light on this possibility.
Besides genes already known to be central players in renal development, mutations in other cancer-associated genes have been identified, including TP53 (Lemoine et al. 1992) . TP53 mutation or loss of copy number occurs in a low proportion of Wilms' tumor (;5%) but is particularly associated with tumors that show anaplasia. These tumors show characteristic copy number profiles with multiple focal areas of gain or loss that are generally absent in tumors with wild-type TP53, showing that TP53 loss is associated with genomic instability; these cases often have a poor prognosis (Bardeesy et al. 1994; Maschietto et al. 2014) . WTX mutation may play a role in TP53 inactivation, as in vitro evidence suggests that WTX modulates CBP/ p300-mediated TP53 acetylation and hence expression (Kim et al. 2012) . It has become clear that p53 is functional in the development of multiple tissues; although, in general, Tp53-deficient mice are viable, on certain genetic backgrounds, increased embryonic mortality is found (El-Dahr et al. 2014 ). On a C57BL/6 background, multiple congenital abnormalities in the kidneys can be found (Saifudeen et al. 2009 ), but none of these have an obvious link to Wilms' tumor development. However, it should be noted that the mutations found in Wilms' tumors are missense rather than loss-of-function alleles. Mouse models with missense alleles are available (Frese and Tuveson 2007) , and appropriate in vivo modeling with these might determine whether the role of p53 in Wilms' tumors reflects a developmental role for TP53 in the developing kidney after all or a more general role in overseeing genomic stability in proliferating cells in general and control of the response to any problems that occur as cells divide.
High expression and copy number gain of MYCN have been associated with Wilms' tumor for a long time (Nisen et al. 1986; Norris et al. 1988; Williams et al. 2010) , and, recently, mutations in MYCN were identified by exome sequencing (Rakheja et al. 2014) , including a recurrent mutation (P44L) previously identified in neuroblastoma and believed to be a gain-of-function mutation . MYCN is a target of ubiquitination and degradation by FBXW7, which is deleted or mutated in ;4% of tumors . Together, this evidence suggests the combined role of different genetic events leading to MYCN overexpression in Wilms' tumor and supports studies that describe elevated expression of MYCN in tumors with (Norris et al. 1988 ) and without (Nisen et al. 1986 ) gene amplification.
The most recent evidence highlighting novel Wilms' tumor genes was generated by exome sequencing in which mutations in microRNA (miRNA) processor genes DICER1, DROSHA, XPO5, DGCR8, and TARBP2 were identified (Torrezan et al. 2014) . The effect of mutation in miRNA processor genes in Wilms' tumor is discussed later. These genome-wide mutation analyses also identified low-frequency somatic mutations in epigenetic remodelers SMARCA4 and ARID1A (Rakheja et al. 2014) . Very recently, mutations in DROSHA and DGCR8 were also identified in exome sequencing studies of highrisk blastemal Wilms' tumors and favorable histology Wilms' tumors (Walz et al. 2015) . These studies also identified a recurring Q177R missense mutation in both SIX1 and SIX2.
CTR9 was only recently identified as a Wilms' tumor predisposition gene in families (Hanks et al. 2014) . It is part of the PAF1c complex, which associates with the RNA polymerase II (Pol II) complex (Jaehning 2010) . It is important in embryonic stem cells (ESCs) to maintain their pluripotent state (Ding et al. 2009 ), but specific kidney functions or even its expression pattern have not been described. Again, it remains to be seen whether the mutations found in Wilms' tumor families reflect a specific kidney development function or a general requirement for the PAF1c complex in many processes and cell types, including the developing kidney.
Wilms' tumor epigenetics
From early on, it was realized that, on a chromosomal scale, pediatric cancers, including Wilms' tumor, had relatively stable genomes (Cox 1966) , and this has been confirmed by the low mutation frequencies reported. Around the same time that WT1 was characterized, interest in a second region on 11p, the 11p15.5 locus, showed that BWS was associated with IGF2 overexpression and that tumors commonly lose the maternal allele, resulting in homozygosity (Scott et al. 1985; Schroeder et al. 1987; Koufos et al. 1989 ). These phenomena were not associated until later, when genomic imprinting was identified (Wilkins 1988; Ogawa et al. 1993) : where one allele is expressed in a parent of origin-dependent manner that is controlled by DNA methylation.
At 11p15.5, an H19 imprinting control region (ICR) is located that controls expression of IGF2 and H19 and is differentially methylated depending on the chromosome parent of origin. Maternal alleles are methylated, preventing CTCF binding and IGF2 expression; however, H19 is actively expressed. Conversely, the paternal chromosome is not methylated, allowing CTCF binding, which blocks H19 expression and allows IGF2 expression. In BWS and Wilms' tumor, loss of the maternal allele and duplication of the paternal allele by either loss of heterozygosity (LOH) or aberrant gain of methylation at the H19-ICR results in biallelic IGF2 expression (Ogawa et al. 1993) . LOH has been detected outside of tumor tissue, in the normal kidney and blood cells of BWS patients (Schneid et al. 1991) , which provided the first evidence that IGF2 overexpression does not necessarily result in Wilms' tumorigenesis. Furthermore, mosaic loss of imprinting (LOI) was seen in the surrounding kidney and nephrogenic rests (Ohlsson et al. 1999) . Transgenic overexpression of the genomic mouse Igf2 locus in mouse ESCs followed by the production of chimeric mice resulted in BWS-like phenotypes, such as overgrowth fetuses with overgrown kidneys, but no renal abnormalities that support a causative role in Wilms' tumors (Sun et al. 1997) . The same was found in a knockout study of H19, where only maternal inherited alleles were affected, and overgrowth was observed in the offspring (Leighton et al. 1995; Ripoche et al. 1997) . Other data based on ''imprint-free'' ESCs have also argued against the oncogenic potential of IGF2 LOI on its own (Holm et al. 2005) . However, the same lack of Wilms' tumors is seen in the Wt1 knockout mouse unless additional mutations are introduced, even though it is clearly a bone fide Wilms' tumor gene. A recent mouse model has provided strong evidence for a driver role in Wilms' tumor of the combination of Wt1 mutation and Igf2 overexpression (Hu et al. 2011) . While WT1 mutation is often associated with maternal 11p allele loss that spans the IGF2 locus, this combination accounts for only ;5%-20% of somatic mutations in human Wilms' tumor, and additional events must accompany IGF2 expression changes to drive Wilms' tumor in the majority of cases with LOH/LOI at this locus that lack WT1 mutation.
Many other site-specific and global epigenetic events have been described in Wilms' tumor that may be associated with development of the tumor, including promoter methylation-associated gene silencing, methylation aberration at imprinted loci, long-range epigenetic silencing, and satellite DNA hypomethylation. These include genes known to be involved in tumorigenesis as well as development, growth, and Wnt signaling (see Table 1 ); however, very few epigenetic abnormalities (other than IGF2/H19) have the full range of experimental evidence to substantiate mechanistic involvement. Still, the available evidence seems to suggest a close relationship between the epigenetic controls of normal kidney development and epigenetic aberrations in Wilms' tumorigenesis (Charlton et al. 2015) .
There are several lines of evidence suggesting that the WT1 gene can directly influence the epigenome; for example, WT1 transcriptionally regulates an enzyme that sets de novo DNA methylation marks, DNMT3A, by binding the DNMT3A promoter (Szemes et al. 2013 ). This interaction thereby influences the methylation status and reciprocal gene expression levels of many target genes. This was demonstrated by overexpression of WT1 in human embryonic kidney cells that resulted in acquired DNA methylation at specific gene promoters where DNMT3A recruitment was increased and resulted in gene silencing. Depletion of WT1 in Wilms' tumor cells led to reactivation of gene expression from methylated promoters. WT1 has also been shown to affect chromatin structures around the Wnt4 gene during renal development (see below) and specifically binds and recruits Polycomb complex proteins SUZ12 and EZH2 as well as another DNA methylation regulator, DNMT1, to repress Pax2 expression (Xu et al. 2011) . Given this evidence, it is possible that in Wilms' tumors with WT1 mutation, the loss of normal WT1 activity leads to loss of tight epigenetic regulation, giving cells increased epigenetic plasticity and therefore growth advantage. Wilms' tumor animal models might help to elucidate the mechanism by which WT1 mutation or deletion leads to global or site-specific epigenetic alterations.
Besides DNA methylation, chromatin modification also alters gene expression. ChIP-seq (chromatin immunoprecipitation [ChIP] combined with deep sequencing) has been performed on three Wilms' tumors as well as embryonic kidney and normal kidney tissues using antibodies against H3K4me3 (marking transcriptional initia- Ehrlich et al. 2003; Nishiyama et al. 2005; Ludgate et al. 2013 tion when present at promoters), H3K36me3 (marking active genes), and H3K27me3 (marking silent promoters) and compared with data from ESCs (Aiden et al. 2010) . The results of this study supported previous evidence that Wilms' tumors are governed by a set of transcription factors essential for normal renal development and confirmed SIX2 as a key master transcription factor. Furthermore, by studying H3K4me3 at gene promoters, a set of genes enriched for epigenetic regulators that were positively expressed in ESCs and Wilms' tumor but not expressed in normal kidneys was identified. This evidence suggests that Wilms' tumors maintain the activity of key epigenetic remodelers, allowing them to adapt to their microenvironment to overcome growth inhibition (as discussed in Timp and Feinberg 2013) . Indeed, reacquisition of epigenetic plasticity gives cancer cells self-renewal and proliferation capacity, similar to normal progenitor populations. The same study further described the presence of ''bivalent domains'' (combined H3K4me3 and H3K27me3 chromatin) in Wilms' tumors, which identified a subset of genes expressed in normal kidney but with low expression in the tumors. In ESCs, bivalent domains mark developmental loci that are considered essential for normal development and are resolved during cellular differentiation by losing either chromatin mark, thereby causing the underlying gene to become either expressed or repressed. Unsurprisingly, a subset of the genes that aberrantly retained their bivalent chromatin structure in Wilms' tumor is strongly expressed in mouse kidney epithelial structures, indicating that Wilms' tumor cells are prevented from expressing key epithelial genes and therefore differentiating properly. As other domains that are bivalent in ESCs showed H3K27me3 and no expression in Wilms' tumors, Aiden et al. (2010) suggested that Wilms' tumors show partial lineage commitment. They concluded that developmental arrest occurs in undifferentiated metanephric mesenchyme, as genes required for differentiation (FOXD1 and LHX1, which are involved in stromal and epithelial differentiation, respectively) are among the subset of genes with bivalent chromatin that is not expressed. As polycomb proteins are involved in establishing H3K27me3, another (earlier) study examined levels of polycomb proteins (EZH2, BMI-1, EED, and SUZ12) in embryonic kidneys, adult kidneys, and Wilms' tumors (Metsuyanim et al. 2008) . Of these polycomb genes, only EZH2 was developmentally regulated during renal development, whereas in progressive Wilms' tumor xenografts, EZH2, EED, SUZ12, and BMI-1 were all up-regulated compared with pooled mid-gestation embryonic kidneys, suggesting an increase in activity in the tumor tissue.
These data give important insights into the biology of Wilms' tumor cells, which, due to their developmentally disrupted state, maintain an undifferentiated epigenome. If the maintained bivalent domains could be manipulated to resolve, expression of these underlying genes may force differentiation and result in a less malignant phenotype. This hypothesis requires testing, but resetting epigenetic states in other cancers has already been proven successful (Stricker et al. 2013 ).
Wilms' tumors and the control of nephron progenitor cells
WT1 is expressed throughout kidney development and has essential functions at multiple stages during nephrogenesis (for review, see Ozdemir and Hohenstein 2014) . In the IM, it has a prosurvival role, as, in the conventional knockout mouse, massive apoptosis of these cells leads to renal agenesis (Kreidberg et al. 1993 ). In the cap mesenchyme, Wt1 is essential for the MET (Davies et al. 2004) , the developmental stage believed to be disrupted in the development of Wilms' tumors (Huff 2011 ). This step has long been known to be controlled by Wnt4, which is essential (Stark et al. 1994 ) and sufficient (Kispert et al. 1998 ) for nephron induction. Wt1 has now been shown to directly control Wnt4 expression in a dichotomous manner at the chromatin level using a ''chromatin flip-flop.'' Via this mechanism, Wt1 controls histone modifications of the complete Wnt4 locus, as delineated by CTCF insulator elements, in a cell type-dependent and twodirectional manner (Essafi et al. 2011 ), thereby providing a rationale for the inactivating mutations in Wilms' tumors through control of the nephron progenitor cell population. In the cap mesenchyme, Wt1 keeps the Wnt4 locus in an open/active state characterized by H3K4me3 histone modifications, while in the epicardium, Wt1 keeps the locus in a repressed/inactive state with H3K27me3 modifications. Loss of Wt1 results in the Wnt4 locus getting repressed and its expression being lost in the kidney mesenchyme, while the opposite was found in the epicardium. The molecular details via which Wt1 controls these histone modifications remain unclear, but the flip-flop mechanism could explain how Wt1 can exert its different functions in different stages of the developing nephron (Ozdemir and Hohenstein 2014) . Wt1 is essential in later stages of nephrogenesis, as shown using heterozygous mutants, additional conditional models, and specific missense and splicing mutants (Hammes et al. 2001; Guo et al. 2002; Menke et al. 2003; Gao et al. 2004; Chau et al. 2011; Gebeshuber et al. 2013) . These data illustrate the role of Wt1 mutations in glomerular sclerosis rather than Wilms' tumors (Miller-Hodges and Hohenstein 2012) and emphasize the importance of developmental stage-specific disruption of nephron development (Gadd et al. 2012 ), as too early or too late loss of Wt1 will not lead to tumor formation. WT1 mutant Wilms' tumors are usually stromal predominant (Miyagawa et al. 1998; Schumacher et al. 2003) , and this is likely linked to the separation of the mesenchymal renal lineage in Foxd1 + stromal cells and Six2 + nephron progenitor cells early in renal development and the apparent earlier stage of origin of WT1 mutant tumors as described by Gadd et al. (2012) .
The strong correlation between WT1 loss and activating CTNNB1 mutations in tumors strongly suggests that any role for b-catenin in control of the MET will be tightly linked to the role of CTNNB1 and WT1 in Wilms' tumors. Indeed, b-catenin is a key regulator of the choice of nephron progenitor cells to remain in their stem cell state or be induced, go through the MET, and form an epithelialized nephron. The ureteric bud-derived signal that induces the nephron formation is mediated by Wnt9b that acts on the Six2-positive nephron progenitor cells in the cap mesenchyme. In these cells, it signals via the canonical, b-catenin-mediated Wnt pathway to control expression of Six2 and Wnt4 (Karner et al. 2011; Park et al. 2012) . This genetic network is further controlled by a Yap/Tazmediated signal downstream from Fat4 in the stromal cells ). Fat4 expressed on the surface of stromal cells will activate the Hippo pathway in the outer layer of the cap mesenchyme. This will result in phosphorylation of Yap and Taz in these cells, keeping these proteins cytoplasmic and inactive. In the absence of nuclear Yap/ Taz, b-catenin signaling downstream from Wnt9b will activate target genes involved in nephron induction and differentiation. The inner layer of the cap mesenchyme receives the same Wnt9b signal as the outer layer, but since there is no direct contact with the stroma, the Hippo pathway will not get activated, and Yap/Taz will not be phosphorylated, translocate to the nucleus, and shift the b-catenin response from differentiation target genes to progenitor self-renewal targets ). Interestingly, Fat4-deficient kidneys show a developmental block that resembles nephrogenic rests, and the cytoplasmic retention of phosphorylated YAP is disturbed specifically in anaplastic Wilms' tumors (Murphy et al. 2014) .
MYCN is coexpressed with WT1 in the developing kidney, and WT1 has been shown to mediate MYCN expression, at least in vitro, causing overexpression of MYCN when the WT1 DNA-binding domain is mutated (Zhang et al. 1999; Udtha et al. 2003 ). The gene is expressed at high levels in the nephron progenitor cells (Mugrauer et al. 1988 ). Mycn-deficient embryos die at E10.5-E12.5, with a reduction in the number of mesonephric tubules (Charron et al. 1992) . When analyzed in organ culture, Mycn mutant metanephroi and kidneys with reduced Mycn levels using a hypomorphic allele were smaller due to reduced proliferation but could undergo the normal MET (Bates et al. 2000) . Xu et al. (2014) have now shown that Eya1 functions genetically upstream of Six2 and that the two proteins directly bind the Mycn protein. This leads to dephosphorylation of T58 of Mycn (using the phosphatase activity of Eya1). Phosphorylation of this residue leads to degradation of the protein and exit from the cell cycle. It is conceivable that uncontrolled activation of MYCN through increased expression, increased copy number, or gain-of-function alleles like the recurrent P44L mutation can lead to increased proliferation of the nephron progenitors and thereby favor the self-renewal and stemness of these cells (Laurenti et al. 2009 ).
The recent identification of Q177R missense mutations in SIX1 and SIX2 (Walz et al. 2015; Wegert et al. 2015) fit neatly with a central role for disturbed control of nephron progenitors in Wilms' tumors. The mutations are somatic, and the majority was found to be in a heterozygous state, in which case wild-type and mutant alleles showed equal expression. All of this points to a dominant effect of these mutations that, at least for SIX2, is fully consistent with the observed phenotypes. Whereas loss of Six2 in mice leads to ectopic epithelialization and rapid exhaustion of the nephron progenitors (Self et al. 2006) , these dominant mutations are giving the opposite effect, as they are found in blastemal-type Wilms' tumors (Walz et al. 2015; Wegert et al. 2015 ). Six1 acts upstream of Six2, and loss of Six1 in mice leads to an earlier phenotype than loss of Six2; the metanephric mesenchyme is formed but reduced in size, and condensates are not formed (Xu et al. 2003) . Since Six1 and Eya1 work together in a transcriptional complex (Xu 2013) , we hypothesize that the mutations found in SIX1 and SIX2 feed back to the control of MYCN, further supported by the fact that the unsupervised clustering of the blastemal tumors placed the SIX1/2 mutant samples in a group that is characterized by up-regulation of cell cycle genes. The exact molecular effect of the Q177R mutation in both genes remains unclear, but genome-wide ChIP data for SIX1-Q177R suggested a shift in DNA-binding specificity and corresponding gene expression changes rather than loss of DNA binding .
Combined, the data above provide a mechanistic rationale for disturbed control of nephron progenitor cells in the origin of Wilms' tumors (Fig. 3) . Careful modeling of Wilms' tumor-associated mutations in animal models could explain the occurrence and combinations of these mutations in these tumors and provide a unique insight into the earliest events in a tumorigenic process. The data also suggest that other genes involved in the nephron progenitor control process will be strong candidate genes for Wilms' tumorigenesis.
Wilms' tumor cancer stem cells
Disturbance of the control of nephron progenitor cells as an early event in Wilms' tumor development has direct implications for the cancer stem cell model. This model describes how a small subset of cells with stem cell properties in a tumor gives rise to the bulk of the tumor. As these stem cell properties make these stem cell-like cells insensitive to DNA damage-inducing agents, current therapies often fail to hit this essential target population and can even enrich for these cancer stem cells, making relapse more likely. The cancer stem cell is closely linked but not necessarily identical to the cell of origin of the tumor (Visvader 2011) In human embryonic kidneys, where cell isolation methods are currently limited to cell surface markers, NCAM1-positive cells have been identified as nephron progenitor cells with potential stem cell therapeutic potential (Harari-Steinberg et al. 2013) . NCAM1 is expressed in the Six2-positive nephron progenitors but also in the first few epithelialized stages, and it is not clear which NCAM1 subpopulation is responsible for the progenitor phenotype. Even more confusing is the ALDH1 + phenotype of the cells. ALDH1 status is usually determined using an enzymatic activity assay (ALDEFLUOR) instead of an expression analysis. There are three human ALDH1 paralogs (four in mice), each with its own cell typespecific expression pattern in the developing kidney, and it is not clear which of these is responsible for the ALDH1 activity in Wilms' tumor (and other) cancer stem cells. Surprisingly, recent data suggest that the NCAM1 + / ALDH1 + cancer stem cells dedifferentiate to a more mesenchymal state from which the bulk of the tumor forms . This clearly has consequences for the interpretation of the identity of the Wilms' tumor cancer stem cells in the context of the normal nephron progenitor cells. It also emphasizes potential limitations of deducing the developmental stage of origin of different subgroups of tumors from expression patterns and histology. As different subgroups of Wilms' tumors could have a different developmental stage of origin (Gadd et al. 2012) , it is possible that the different groups have different cancer stem cells. However, despite these limitations, at least for the moment, the identification of NCAM1 + /ALDH1 + cancer stem cells in at least some Wilms' tumors will provide new insights in the developmental origins of the tumors.
The miRNA pathway in Wilms' tumorigenesis
Multiple lines of evidence support the significance of the miRNA processing pathway in Wilms' tumorigenesis. This pathway (shown in Fig. 4) generates mature miRNAs that negatively regulate protein expression by targeting mRNAs. Recent excitement surrounding the disruption of the miRNA processing pathway in Wilms' tumor arose after identification of inactivating DIS3L2 mutations in the Wilms' tumor susceptibility disease Perlman syndrome (Astuti et al. 2012) . DIS3L2 is involved in recognition and degradation of polyuridylated mRNA and miRNAs (Chang et al. 2013) . Specific targets of DIS3L2 include uridylated pre-let-7 miRNAs, and this process of uridylation is performed by LIN28-activated TUT4 and TUT7 enzymes (see Fig. 4 ; Heo et al. 2009; Thornton et al. 2012; Chang et al. 2013) . By binding to the Let-7 premiRNA loop, LIN28 blocks DICER processing and therefore expression of mature let-7 miRNAs in undifferentiated cells during development, maintaining cell renewal and pluripotency. Let-7 miRNAs are considered to have tumor suppressor activity, and therefore, not surprisingly, overexpression of LIN28 is oncogenic. Indeed, a mouse model with kidney-specific Lin28 overexpression generated Wilms' tumor-like lesions, further discussed below. Of note, LIN28 can also bind to pri-Let-7 miRNA in the nucleus, preventing DROSHA/DGCR8 processing; however, the mechanism of degradation of LIN28-bound pri-Let-7 in this instance is unknown. Therefore, common hits to the same Let-7 biogenesis pathway (LIN28 overexpression or inactivation of DIS3L2) result in aberrant mature Let-7 miRNA expression and are associated with Wilms' tumor.
Other miRNAs have been specifically associated with Wilms' tumor, including miRNAs that can predict chemoresponsiveness in blastemal Wilms' tumors (Watson et al. 2013) . For example, all showed significantly lower expression in Wilms' tumors compared with normal kidneys, whereas other miRNAs show cell type-specific up-regualtion or downregulation (Senanayake et al. 2012) . Several of these miRNAs were shown to target the activin receptor type 2B (ACVR2B, expressed in the cap mesenchyme) (Metsuyanim et al. 2009 ), a member of the TGF-b pathway, and loss of their expression in Wilms' tumors resulted in up-regulation of the receptor, suggesting that the TGF-b pathway may be important in tumorigenesis. Expression Eya1 lies genetically upstream of Six2. Six2 labels the nephron progenitor cells, which can either maintain a progenitor state and self-renew or differentiate via the Wnt4-mediated MET. Wnt4 expression is under the direct control of Wt1. b-Catenin is involved in both progenitor cell fates through activation of different transcriptional programs. Active nuclear phosphorylated Yap/Taz shifts the progenitor balance toward the self-renewal fate. Eya1 and Six2 interact directly with Mycn, leading to dephosphorylation of Mycn pT58, stabilization of the protein, increased proliferation, and potentially a shift of the nephron progenitor toward self-renewal. Genes activated in Wilms' tumors are depicted in green, and inactivated genes are in blue. Deregulation of Yap/Taz in Wilms' tumors results in phosphorylated Yap not being retained in the cytoplasm as it should, but it translocates to the nucleus and thus shifts the progenitor cell balance toward self-renewal. This model is likely a simplification, as it presumes that all Wilms' tumors, regardless of causative mutation, are caused by the same mechanism.
of both transcription factor E2F3 and Oncomir-1 (an oncogenic cluster of miRNAs on chr13 regulated by E2F3) was increased in Wilms' tumor compared with normal tissue, with the increase correlating with high stage and metastatic disease (Kort et al. 2008 ). This indicates the role of specific miRNAs in tumor progression.
The final piece of evidence, as briefly mentioned above, was the frequent number of mutations found in several miRNA processor genes in Wilms' tumor, including DROSHA, DICER1, DGCR8, XPO5, and TARBP2 (see Fig, 4 ; Torrezan et al. 2014) . Overall, 33% of Wilms' tumors (22 out of 66) examined had mutations or deletions in miRNA processor genes, and these often occurred in combination, resulting in multiple hits to the same pathway in one tumor, with XPO5 and TARBP2 mutations frequently occurring together (Torrezan et al. 2014) . The most commonly mutated miRNA processor gene is DROSHA, in 12% of Wilms' tumors (26 out of 222), most frequently occurring as a heterozygous E1147K mutation altering a Mg 2+ -binding residue of the RNase IIIb domain. Although one study found mutually exclusive mutations in WT1/CTNNB1 and miRNA processors (Rakheja et al. 2014) , another found that in four out of 10 tumors with DROSHA mutation, WT1 mutation was also seen (Torrezan et al. 2014) .
Germline DICER1 mutations were first found in patients with renal tumors in 2010, but DICER1 mutations were not identified in the germline of any of 50 patients with sporadic Wilms' tumors (Bahubeshi et al. 2010 ). This shows that although DICER1 mutations were later associated with Wilms' (Foulkes et al. 2011; Slade et al. 2011 ), they are not fully penetrant. This may be associated with the fact that more than one hit is required for tumorigenesis-either biallelic DICER1 mutation (Wu et al. 2013) or a hit to another miRNA processor.
Dicer has been shown to be important for maintaining the viability of self-renewing progenitors in renal development, demonstrated by the premature termination of nephron formation with Six2-Cre-mediated removal of Dicer activity (Nagalakshmi et al. 2011) . This evidence appears contrary to the findings in Wilms' tumor indicating that mutation of DICER1 is associated with tumorigenesis. Furthermore, whereas common mutations in the DICER1 RIIIb domain showed that 5p miRNAs are mainly affected, DROSHA and DGCR8 mutations result in failure to generate mature miRNAs in general (Torrezan et al. 2014) . So how does dysregulation of a protein involved in such a general process lead to tumorigenesis?
The answer is unclear but may again be associated with the developmental nature of Wilms' tumor. It can be hypothesized that if the miRNA processor mutation was to occur somatically within a renal progenitor cell, the cell stage-specific array of pre-miRNAs expressed would fail to be correctly processed, resulting in loss of mature miRNAs required for gene silencing. Several studies have identified miRNAs that are down-regulated in Wilms' tumor and impact on expression of key genes involved in renal development. For example, miR-23a shows low expression in Wilms', and, as miR-23a regulates HOXB4, the decrease in the tumor was associated with HOXB4 overexpression (Koller et al. 2013) . HOXB4 was shown in developing chicks to mediate expression of kidney-specific genes in the nonkidney intermediate mesenchyme (Preger-Ben Noon et al. 2009 ); therefore, a decrease in miR23a may result in reactivation of HOXB4 and kidneyspecific genes, resulting in persistent embryonic renal Figure 4 . The miRNA processing pathway is commonly mutated in Wilms' tumor. Expression of mature miRNA is initiated by RNA polymerase-mediated transcription of DNA-encoded sequences into pri-miRNA, which form a long double-stranded hairpin. This structure is then cleaved by a complex of Drosha and DGCR8 (termed Pasha) into a smaller pre-miRNA hairpin, which is exported from the nucleus and then cleaved by Dicer (an RNase) and TRBP (with specificity for dsRNA) to remove the hairpin loop and leave two single-stranded miRNAs. The functional strand binds to Argonaute (Ago2) proteins into the RNA-induced silencing complex (RISC), where it guides the complex to its target mRNA, while the nonfunctional strand is degraded. Targeting of mRNAs by this method results in mRNA silencing by mRNA cleavage, translational repression, or deadenylation. Let-7 miRNAs are a family of miRNAs highly expressed in ESCs with tumor suppressor properties. In cases in which LIN28 is overexpressed, LIN28 binds to pre-Let-7 miRNA, preventing DICER from binding and resulting in LIN28-activated polyuridylation by TUT4 or TUT7, causing reciprocal DIS3L2-mediated degradation of Let-7 pre-miRNAs. Genes involved in miRNA processing that have been associated with Wilms' tumor are highlighted in blue (inactivating) and green (activating) and include DRO-SHA, DGCR8, XPO5 (encoding exportin-5), DICER1, TARBP2, DIS3L2, and LIN28.
tissue. Similar findings in several other studies showed that down-regulation of miR-562, miR-204, and miR-185 correlated with increased expression of EYA1 (Drake et al. 2009 ), MEIS1, and SIX1 (Imam et al. 2010) , respectively. In particular, miR-185 was shown to inhibit anchorage-independent growth and cell migration in addition to suppressing tumor growth in vivo, implicating it as a potent tumor suppressor silenced in Wilms' tumor (Imam et al. 2010) . Therefore, by failing to generate mature miRNAs, the normal nephrogenic differentiation process cannot continue, as primordial renal genes cannot be silenced, and cells remain stuck in a precursor-like state. Germline mutations in miRNA processor genes very rarely lead to Wilms' tumor; therefore, it is more likely that timing is key to the resulting phenotype.
Wilms' tumor animal models
Animal models for cancer are an essential tool to understand the genetic, molecular, and cellular events that lead to cancer initiation and progression and for the development and testing of therapeutic intervention. In particular, for studying the developmental aspects of Wilms' tumor, they are indispensable. Animal models can be either xenograft models of human tumors in immune-compromised mice or genetically modified animals. As this review focuses on the developmental aspects of Wilms' tumors, we limit the description of animal models to the latter group.
The first Wilms' tumor gene, WT1, was cloned in 1990, and this was rapidly (for those days) followed by the description of a Wt1-deficient mouse model (Kreidberg et al. 1993) . Its embryonic-lethal phenotype at midgestation showed the importance of the gene in many different developing tissues. However, mutant embryos showed complete renal agenesis due to massive apoptosis of the IM. Not only did this severely limit the usefulness of this model for Wilms' tumor development, an apoptotic phenotype was completely counterintuitive to the loss of a tumor suppressor gene. Other Wt1 mouse models were generated that showed a pivotal role of Wt1 in other stages of nephron development and analyzed the role of specific isoforms (for review, see Ozdemir and Hohenstein 2014) , but it was not until a breakthrough in 2011 that the first Wt1 mutant mouse tumor model was described (Hu et al. 2011) . This model combined two genetic events found in Wilms' tumor patients-loss of Wt1 (in mice through a conditional allele) and activation of Igf2 (in mice through loss of H19)-and was the first clear evidence that the same genes that cause Wilms' tumors in patients can do so in mice as well.
Whereas the Wt1 mouse models were directly based on mutations found in patients, the Lin28 tumor model took the opposite route. Almost serendipitously, it was found that a Vasa-Cre mouse used to drive Lin28a overexpression in primordial germ cells led, through leaky expression in the kidney, to the development of Wilms' tumors (Urbach et al. 2014 + cancer stem cells (Urbach et al. 2014) , making this another patient-relevant Wilms' tumor mouse model.
The patient relevance of two other mouse models is less clear at present. One study used a conditionally activated b-catenin model with a conditionally activated Kras allele in combination with kidney-specific Cre lines and found metastatic tumors that resembled the epithelial component of Wilms' tumors (Clark et al. 2011) . A potential problem with this model is that there are no reports of KRAS mutations in Wilms' tumors, making the genetic background of this model difficult to interpret. This is not to say that the model does not have any value; it is very well possible that the pathways that are affected in these mice are the same as deregulated pathways in human tumors, but further study of this is required.
Finally, it was shown recently that interrupted in vivo induced pluripotent stem cell (iPSC) reprogramming of renal tubular cells resulted in tumors that resembled Wilms' tumors (Ohnishi et al. 2014) . Surprisingly, continued reprogramming of tumor cells resulted in normal iPSCs that could contribute to normal kidney structures in chimeric mice, something that would not be expected from cells with mutations that cause Wilms' tumors. The background of this model makes it difficult to consider this as a model for tumors in patients, but it does highlight the importance of ''stemness'' in general for Wilms' tumors and could provide valuable information on the mechanics of Wilms' tumor development in this way. It also highlights the importance of experienced histopathological analysis of models; the step from blocked development to Wilms' tumor is subtle, and care should be taken with proper interpretation.
The apparent difficulties in generating mouse models for Wilms' tumors could lead to the simple question of why mice are used for this in the first place. The simple answer to this is that, until recently, the mouse was the only species in which the genetic modification required to model the genetic events leading to Wilms' tumors in patients was routinely used. However, other model organisms could be better for developing Wilms' tumor models. For instance, Wilms' tumors can be induced in rats with high efficiency using mutagens like ENU, especially in the inbred Nb strain (Hard 1985) , but not in mice (Vesselinovitch et al. 1977) . Although these tumors show a high incidence of nuclear b-catenin, no mutations in Ctnnb1 or Wt1 were found (Ehrlich et al. 2010) , and the patient relevance of these tumors therefore needs to be demonstrated. In contrast, ENU-mediated mutagenesis of outbred Sprague-Dawley rats does result in Wilms' tumors with mutations in Wt1 (Sharma et al. 1994) . Other species in which Wilms' tumor is found spontaneously or can be induced are rabbits and chickens. Mice might very well be one of the most difficult model organisms to model Wilms' tumors. However, the recent advances in gene editor technologies, such as zinc finger nucleases, TAL effector nucleases, and CRISPR/Cas9, have opened up genomic engineering possibilities in these species to comparable levels that so far have only been possible in mice (Li et al. 2013a,b; Honda et al. 2014; Park et al. 2014; Yang et al. 2014) . Maybe the time is ripe to reconsider the best possible experimental model for Wilms' tumor research.
Another species that has gained much interest as a cancer model is pigs (Flisikowska et al. 2013) . Especially for embryonal tumors like Wilms' tumors, pigs have potential advantages. If Wilms' tumor development is dependent on the right mutations being acquired at the right developmental stage, it could be simple statistics that the target cell population size and time during development when these cells are present are rate-limiting steps for Wilms' tumor mouse models. Kidneys with the same size as human kidneys and a gestation time of several months could make pigs another promising new model. Moreover, Wilms' tumors are one of the most frequently found spontaneous tumors found in pigs in slaughterhouses (Cotchin 1975) , and pigs can efficiently be modified using gene editors (Lillico et al. 2013; Li et al. 2014a) .
It is unlikely that these species will ever replace mice in the fundamental analysis of Wilms' tumors, its genetics, and its developmental background, but the availability of new experimental species that can more efficiently couple genetic aberrations to tumor development would be a welcome addition to Wilms' tumor research.
Outlook
The last few years have seen a wealth of new developments in the Wilms' tumor field, such as the description of the first Wilms' tumor mouse model, the identification of Wilms' tumor cancer stem cells, and the recent identification of mutations in miRNA processing genes in Wilms' tumors. At the same time, the increased understanding of early kidney development, especially of the control of the nephron progenitor cells, has provided a detailed developmental framework in which the origins of Wilms' tumors can be studied and explained. Conversely, the role of multiple Wilms' tumor genes in this process illustrates the value of studying fundamental Wilms' tumor biology for the better understanding of normal kidney development.
As the role of the miRNA processor pathway in Wilms' tumor is now known to be important in tumorigenesis, future research should focus on whether there are any potential therapeutic avenues arising and also on the mechanistic roles of miRNAs and the genes that process them during normal renal development. The few studies available on this are likely only the tip of the iceberg. As most genetic aberrations discovered to date appear to overlap with either the CTNNB1/WT1/WTX pathway or the miRNA processor pathways, there may be two distinct groups of tumors present, as indicated by targeted sequencing of a cohort of blastemal-predominant Wilms' tumors (Rakheja et al. 2014 ). However, a much larger study is required, including other Wilms' tumor subtypes, to fully assess this. Furthermore, the relationship between epigenetic abnormalities (such as IGF2) and mutations in miRNA processors is unknown.
The identification of miRNA processor mutations in Wilms' tumors emphasizes the importance of miRNAs in normal kidney development, in particular in the nephron progenitor cells. The Six2-Cre-mediated knockout of Dicer1 (Nagalakshmi et al. 2011) has already demonstrated the importance of miRNAs in these cells, and specific miRNAs found deregulated in Wilms' tumors would be strong candidates to analyze for their roles in nephron progenitors. A mouse ESC resource for the generation of miRNA reporter and conditional knockout alleles has been described (Prosser et al. 2011) , and, combined with Cre drivers active in many different cell types in the developing kidney, this would provide the experimental platform to analyze this in more detail.
Although epigenetic mechanisms play a clear role in a subset of Wilms' tumors in which IGF2 and H19 are dysregulated, whether the epigenome plays an initiating role in tumor formation is yet to be elucidated. Thus far, mutations in two key epigenome remodelers (SMARCA4 and ARID1A) have been identified, and with further sequencing studies, this number may increase. As WT1 and MYCN both interact with common epigenome remodelers, the plasticity and epigenomic events detected may indeed be a secondary event. Studies of the epigenome within Wilms' tumor with well-characterized genomes will be the next step in understanding the relationship between the two. Such data might subsequently lead to new or better insights into the epigenetic mechanisms underlying normal kidney development.
